ラット視床下部室傍核および視策上核において外科手術ストレスにより惹起されるFosB/DeltaFosB発現の糖質コルチコイド依存性 by Das  Gopal
Glucocorticoid Dependency of Surgical
Stress-Induced FosB/DeltaFosB Expression in
the Paraventricular and Supraoptic Nuclei of
the Rat Hypothalamus
著者 Das  Gopal
学位授与機関 Tohoku University
URL http://hdl.handle.net/10097/48186
Glucocorticoid Dependency of Surgical Stress-Induced FosB/DeltaFosB 













Professor Keiichi Itoi 
 
 
Laboratory of Information Biology 
Department of system Information Sciences 
Graduate School of Information Sciences  





The FosB is a member of the Fos family transcription factors. To elucidate whether the FosB 
expression is regulated by glucocorticoids (GC) in the hypothalamus, rats underwent sham 
adrenalectomy (sham-ADX) or bilateral ADX, and the FosB/∆FosB (∆FosB, a truncated 
splice variant of FosB)-immunoreactivity (ir) was determined in the paraventricular nucleus 
(PVN) and supraoptic nucleus (SON). In the parvocellular division of the PVN (paPVN) and 
SON, the FosB/∆FosB-ir increased significantly following sham-ADX in comparison with the 
naive rats, which was suppressed with either corticosterone (CORT) or dexamethasone 
(DEX). Following ADX, the increase in the FosB/∆FosB-ir was much more prominent than 
that in the sham-ADX group, and the ADX-induced robust increase was suppressed by 
CORT or DEX, but not by aldosterone. The stressless removal of CORT from drinking water 
did not induce FosB/∆FosB-ir in either the PVN or SON, so the upregulation of the 
FosB/∆FosB-ir after ADX depended upon the systemic stress associated with surgery. In the 
paPVN, the majority of corticotropin-releasing hormone (CRH) neurons co-expressed the 
FosB/∆FosB-ir after ADX, whereas in the magnocellular division of the PVN, the 
vasopressin (AVP) and oxytocin (OXT) neurons did not express FosB/∆FosB-ir. In the SON, 
approximately 40% of the AVP neurons co-expressed FosB/∆FosB-ir after ADX, but the OXT 
neurons were almost devoid of FosB/∆FosB-ir. The FosB/∆FosB-ir was exclusively colocalized 
with glucocorticoid receptor (GR)-ir in the PVN whereas approximately 70% of the 
FosB/∆FosB-ir was colocalized with GR-ir in the SON following bilateral ADX. In concert 
with these results in vivo, DEX suppressed the forskolin-induced increase in the FosB gene 
promoter activity in a homologous hypothalamic cell line. These results suggest that GCs 
may be a potent regulator of FosB/∆FosB expression, which is induced by the stress, in the 
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Immediate early gene (IEG) products have been used as markers for identifying 
neuronal populations that are activated by various exteroceptive or interoceptive stimuli 
(1-5). The Fos proteins are the IEG products and constitute a family that comprises c-Fos, 
FosB, Fra-1 and Fra-2 (Fig. 1) (6), and among them, c-Fos has been utilized most 
extensively as a marker for neuronal activation. The half-life of c-Fos protein in the 
activated neurons is very short in comparison with other Fos family members. The 
maximal level of c-Fos protein occurs between 1 and 3 h, then it gradually disappears from 
the cell nucleus by 4-6 h after treatment (7). FosB, another member of the Fos family 
transcription factors. The FosB gene and its protein product FosB, were isolated as a third 
member of the Fos family in 1989 from a murine 3T3 cDNA library (8). It has been 
recognized only recently, however, that the FosB/∆FosB (∆FosB, a splice variant of FosB) is 
of great value as a marker for neuronal activation (3, 9-12). The FosB protein consists of 
334 amino acids and moderately homologous with Fra-1 or Fra-2 (8) but its highest 
identity (72%) is with c-Fos (8). FosB forms a stable heterodimeric protein complex with 
c-Jun among the Fos family proteins and binds the DNA regulatory element known as the 
AP-1 (13). Unlike other Fos family members, the single FosB-gene produces two different 
protein products by alternative splicing; FosB and its stable isoform, ∆FosB (Fig. 2) (14). 
Characteristically, the FosB/∆FosB expression is sustained for a remarkably long period 
(days to even weeks) during chronic exposure to stressors, which makes a contrast to the 
disappearance of c-Fos expression within hours following activation and desensitization by 
repeated stimuli (2, 11, 15, 16). 
  
                       
 
 











                                           
Fig.1 Schematic diagram showing different transcription factors of Fos, Jun and NGFI
family under IEGs type. Fos family consists of c-Fos, FosB, Fra-1 and Fra-2; Jun family
consists of c-Jun, JunB and JunD and NGFI (Nerve Growth Factor Inducible) family
consists of NGFI-A, NGFI-B and NGFI-C. 
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Fig.2 Schematic diagram showing the generation of FosB and ∆FosB mRNA from FosB
gene by alternative splicing in the exon IV. FosB gene consists of 4 exons and exon IV is
the longest of all. An intron is embedded within the exon 4, which is known as “intron
retention” or “retained intron” [    ] and importantly this intron encodes protein.
Following translation, FosB mRNA generates FosB protein (338 amino acid, also known as
full length FosB) and ∆FosB mRNA generates ∆FosB protein (237 amino acid, also known
as short form FosB). Note that ∆FosB is missing 101amino acid from the C-terminal




The hypothalamic neuroendocrine neurons play a pivotal role in defending an 
organism from stressors, and their activity is based on a balance between the stimulatory 
and inhibitory inputs which are conveyed via neural or humoral substrates. For example, 
activity of corticotropin-releasing hormone (CRH)-producing neurons, in the parvocellular 
division of the paraventricular nucleus of the hypothalamus (paPVN), is regulated by 
neural inputs from various brain regions including the cerebral cortex, the limbic system, 
and the brainstem (17). These neural inputs are either stimulatory or inhibitory, 
depending on the neurotransmitters involved. On the other hand, the glucocorticoid (GC), 
secreted from the adrenals, is the major humoral factor which inhibits the activity of the 
CRH neurons in the paPVN and constitutes the negative feedback loop of the 
hypothalamic-pituitary-adrenal (HPA) axis (18).  
 
The CRH neurons express the highest level of GC receptor (GR) in the brain (19-21), 
and the GR is a potent suppressor of the CRH gene expression (17). Thus, multiple 
intracellular mechanisms are activated in the paPVN CRH neurons to accelerate the 
synthesis and release of CRH on occasions when the adrenal function is impaired (18). 
Magnocellular neuroendocrine neurons, including the vasopressin (AVP) and oxytocin 
(OXT) neurons, present in either the magnocellular division of the PVN (maPVN) or 
supraoptic nucleus (SON), are also activated by stressors and secrete AVP or OXT peptides 
(22-24). However, the physiological role of GC in the maPVN is not as clear as that in the 
CRH neurons. The GRs are not expressed (25, 26), or are expressed only in a limited 
quantity (19), in the maPVN. It is also controversial whether the GRs are expressed in the 
SON (19, 25, 27, 28), and the functional significance of the GC is not clear in the SON, 
either.  
 
The paPVN CRH neurons highly express stimulation-dependent inducible IEGs 
proteins (1, 7, 29) and the GR (19-21) which mediates negative feedback effect of the 
adrenal steroids on the transcriptional activity of the CRF-secreting neurons. Moreover, 
direct interaction between AP-1 (c-Fos/c-Jun) and GR has been observed by 
immunoprecipitation study (30). Since FosB shows the highest identity with c-Fos among 
the Fos family transcription factors, it raises the theoretical possibility that 
FosB-containing AP-1 complexes may also interact with GR. Therefore, protein-protein 
interaction could modify target gene transcription via composite glucocorticoid responsive 





     Although the c-Fos response to stress is the most widely investigated and best 
characterized (11, 16), FosB/∆FosB have been shown to be induced by stress. Recent 
studies have shown that FosB/∆FosB is induced in discrete brain regions including PVN, 
SON, nucleus accumbens (NAc) and nucleus of the solitary tract (NTS) in response to a 
diverse types of acute or chronic stimuli e.g. restraint stress (5), immune stress (11), 
unpredictable stress (32) electroconvulsive seizure (33) etc. In the present study, 
surgery-induced FosB/∆FosB-ir was observed in these brain regions with a various 
magnitude and duration. While stress induces FosB/∆FosB in several brain regions (5, 11, 
32, 33), its induction especially in the hypothalamic neuroendocrine neurons might play a 
role in regulating the hypothalamic-pituitary-adrenal (HPA) stress axis. 
                                         




















[1] Investigation of the brain regions which induced c-Fos or FosB/∆FosB-ir following 
   sham-adrenalectomy (sham-ADX) or adrenalectomy (ADX), 
[2] Since the FosB/∆FosB-ir was induced by the surgical stress (sham-ADX) in the paPVN
   and SON, and the magnitude of the FosB/∆FosB-ir became even greater following 
   bilateral ADX, we hypothesized that the FosB/∆FosB expression is regulated by GCs  
in these brain neurons and sought to examine whether the induced FosB/∆FosB 
expression is suppressed by GCs in these neurons,  
[3] The “stressless removal of GCs” paradigm was employed to examine whether the  
   tonic absence of GC lead to the upregulation of the FosB/∆FosB-ir, or the upregulation 
   depended upon the stress associated with ADX, 
[4] Using double immunocytochemistry, the cellular species of hypothalamic neuroendo- 
   crine neurons was identified which expressed FosB/∆FosB-ir following ADX and the 
   co-expressed neuronal populations was also estimated, 
[5] Colocalization of FosB/∆FosB-ir with GR-ir was examined both in the PVN and SON 
   following ADX and coexpressed neuronal populations were estimated, 
[6] Finally, the effect of GC was examined on the FosB gene promoter activity using the 









[2] Materials and Methods 
 
2.1 Animals 
Male Wistar rats, weighing 280-300g, were used. The animals were housed in groups 
before surgery and maintained on a 12:12 h light/dark cycle (light on 7:00-19:00) under 
the conditions of constant temperature （23C）and humidity (40-50%), and allowed free 
access to food and water. A 2-week period was allowed for acclimation after the rats 
arrived at the laboratory. All the animals were handled daily for a week before surgery to 
minimize the stress which could be attributed to the manipulation around the surgery. 
The present study was approved by the Committee on Use and Care of Animals, Tohoku 
University. 
 
2.2 Sham-adrenalectomy and adrenalectomy 
Bilateral ADX was performed via the dorsal route under chloral hydrate anesthesia 
(400 mg/kg body weight, Kanto Chemical Co. Inc., Tokyo, Japan). Sham-operated animals 
underwent the same surgical procedure except that the adrenals were exposed bilaterally 
but not removed. Following surgery, both the ADX group and the sham-operated group 
were given a mixed 1:1 solution of 0.9% NaCl and 5% dextrose. The time-course of the 
FosB/∆FosB expression was examined after surgery at 24 h, followed by day 2, 4, 5, 6, or 7 
(n = 4-5 for each group). The naive animals were perfused without surgery (n = 4). 
 
2.3 Hormone supplementation 
Groups of sham-ADX or ADX rats were supplemented with either glucocorticoids 
(corticosterone, dexamethasone) or mineralocorticoids (aldosterone).  
 
2.3.1 Corticosterone supplementation 
Groups of sham-ADX (n = 4) or ADX (n = 5) rats were treated with corticosterone 
(CORT, Sigma, St. Louis, MO, USA) while their controls (n = 4-5) were injected with 
vehicle (Propylene glycol, Sigma, St. Louis, MO, USA). CORT was dissolved in propylene 
glycol by stirring overnight at 37℃ and a total of 70 mg/kg/24 h was administered 
subcutaneously (s.c.); the first dose of CORT (10 mg/kg) was given 1 h prior to surgery, the 
second dose (10 mg/kg) immediately after surgery, and then CORT (10 mg/kg) was given 






2.3.2 Dexamethasone supplementation 
Another groups of sham-ADX (n = 4) or ADX rats were (n = 7) were treated with 
dexamethasone sodium phosphate (DEX, DecadronTM, Merck-Banyu Permaceuticals Co. 
Ltd., Tokyo, Japan) while their controls (n = 4-5) received vehicle. DEX was dissolved in 
0.9% saline and a total of 0.6 mg/kg/24 h was administered intraperitoneally (i.p.); the 
first dose of DEX (0.3 mg/kg) was injected 1 h prior to surgery, and the second (0.3 mg/kg) 
immediately after surgery. Rats were perfused 24 h after surgery. 
 
2.3.3 Aldosterone supplementation 
A group of rats (n = 6) was supplemented with aldosterone (ALDO, Sigma) (0.1 
mg/kg/24 h, s.c.), while their controls were treated with the vehicle (n = 5). ALDO was 
dissolved in sesame oil by overnight stirring at 37℃ (Nacalai Tesque Inc., Kyoto, Japan) 
and given in five installments. The first dose (0.02 mg/kg) was given 4 h prior to surgery, 
the second (0.02 mg/kg) immediately after surgery, and the subsequent doses (0.02 mg/kg 
per injection) every 6 h thereafter. Rats were perfused at 24 h following surgery. 
 
2.4 Hormone assay 
Blood was collected in heparinized syringe just before the transcardial perfusion. A 
modified CORT assay was carried out as was described elsewhere (34). Briefly, after 
centrifugation at 3000 r.p.m. for 15 min at room temperature, the plasma was separated 
and stored at － 20℃  until assayed. Plasma level of CORT was measured by 
radioimmunoassay. The sensitivity of the assay was 0.2 µg/dL plasma. The inter- and 
intra-assay coefficients of variation were 7.0% and 6.7%, respectively. Plasma ALDO level 
was measured by radioimmunoassay using a commercial kit (SPAC-S Aldosterone Kit, 
TFB, Japan). The sensitivity of the assay was 25 pg/mL plasma. The inter- and 
intra-assay coefficients of variation were 3.9% and 3.1%, respectively.  
 
2.5 Measurements of plasma osmolarity and electrolytes (Na+, K+ and Cl−) levels 
Blood was collected from the heart and kept at room temperature for 10-60 minutes for 
coagulation. Anti-coagulant was not used throughout. The blood was centrifuged at 3000 
r.p.m. for 10 minutes at room temperature, then plasma was separated and stored at  
－20℃ until assayed. Determinations of plasma osmolarity and Na+, K+ or Cl− were made 






2. 6 The stressless removal of CORT 
The “stressless removal of GCs” model by Jacobson et al. (35) was employed to 
understand whether the tonic absence of GC was sufficient to lead to an upregulation of 
FosB/∆FosB-ir in the paraventricular nucleus of the hypothalamus (PVN) and supraoptic 
nucleus (SON), or whether the upregulation also depended upon the systemic stress 
associated with surgery. Rats (n = 10) underwent bilateral ADX and given CORT (25 
µg/ml) in their drinking fluid (0.2% ethanol in 1:1 solution of 0.9% saline and 5% dextrose) 
from the time the rats recovered from anesthesia. On day 5 after ADX, the drinking fluid 
in half of these rats (n = 5) was replaced with the fluid without CORT while the other half 
(n = 5) kept receiving continuously the fluid with CORT. All rats were perfused 24 h later, 
on day 6 after ADX.  
 
2.7 Brain perfusion and sectioning 
Rats were deeply anesthetized with chloral hydrate (i.p.) and were perfused 
transcardially through the ascending aorta with approximately 100 ml of 0.9% saline, 
followed by 100 ml of 4% paraformaldehyde (PFA) containing 0.1 M phosphate buffer (PB), 
pH 7.4. After perfusion, brains were removed immediately and immersed overnight in 4% 
PFA at 4℃, followed by replacement with 30% sucrose containing 0.1 M PB until the 
tissue sank. The fixed brains were then embedded in Tissue TekTM (Sakura Fine Technical 
Co. Ltd., Tokyo, Japan) at －40℃ and stored at -80℃ until use. Thirty µm coronal 
sections were cut by a cryostat (Microm HM505N, Heidelberg, Germany). The sections 
were kept in a cryoprotectant solution and stored at －20℃. 
 
2.8 Immunocytochemistry (ICC) 
 
2.8.1 FosB/∆FosB  
FosB/∆FosB protein was visualized using a standard avidin-biotin horseradish 
peroxidase immunocytochemical method. Free-floating sections from each brain were 
washed with phosphate buffered saline (PBS) and then blocked with 5% bovine serum 
albumin (BSA) for 30 min at room temperature. The sections were then incubated for 18 h 
at 4℃ with primary rabbit polyclonal antibody (diluted at 1: 500) raised against an 
N-terminal region of FosB (H-75, sc-7203, Santa Cruz Biotechnology Inc., Santa Cruz, CA, 
USA) that recognizes both FosB and ∆FosB (36). The antibody (H-75) was specific for FosB 
protein and did not cross-react with other antigens including c-FOS, Fra-1, and Fra-2, 
according to the manufacturer’s analyses with Western blot, immunoprecipitation, and 
immunohistochemistry. The sections were then washed with PBS and incubated with 
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biotinylated anti-rabbit IgG at 1:1000 (Vector Labs Inc., Burlingame, CA, USA) for 2 h at 
room temperature followed by avidin-biotin horseradish peroxidase complex 
(ABC-Vectastain kit, Vector) for 1 h. Visualization of the FosB/∆FosB-ir was carried out 




     For c-Fos immunocytochemistry, the sections were washed with PBS and then 
blocked with 5% BSA for 2 h at room temperature. The sections were then incubated for 
48 h at 4℃ with primary rabbit polyclonal anti-Fos antibody (Ab-5, Oncogene Research 
Products, CA, USA) (diluted at 1:20000) in a 0.01M PBS solution containing 0.3% Triton-X 
(PBST). This antibody had no known cross reactivity with any identified Fos-related 
antigens (37). The sections were subsequently processed using the same procedure 
described above for FosB staining except that the incubation time for the second antibody 
was 24 h at 4℃. 
 
2.8.3 Glucocorticoid Receptor (GR)  
 The sections were washed with PBS in several changes and then blocked with 2% BSA 
for 2 h at RT to prevent non-specific staining. Subsequently, the sections were then 
incubated with rabbit anti-GR antibody (diluted at 1:5000, Prof. M. Kawata, Kyoto 
prefectural university of medicine) for 48 h at 4℃. Then the sections were washed with 
PBS and incubated with Cyamine-3 (Cy-3)-conjugated donkey anti-rabbit IgG at 1:500 
(Chemicon) for 2 h at RT. After washing with PBS, the sections were mounted on 
poly-L-Lysine-coated glass slides using 20% glycerin and observed under a fluorescent 
microscope (Leica DMR, Wetzlar, Germany). 
 
2.9 Double immunocytochemistry 
 
2.9.1 FosB/∆FosB with CRH, AVP or Oxytocin  
Double immunocytochemistry was carried out either for FosB/∆FosB and CRH, 
FosB/∆FosB and AVP, or FosB/∆FosB and OXT, in the PVN and in the SON. The free 
floating sections were washed with 0.01 M PBS and incubated with goat polyclonal 
anti-FosB antibody (sc-48-G, Santa Cruz) at 1:1000 and either of the following antibodies: 
rabbit polyclonal anti-CRH antibody at 1:5000 (Dr. W. Vale, Salk Institute), rabbit 
polyclonal anti-AVP antibody at 1:5000 (Dr. K. Itoi, Tohoku University), or rabbit 
polyclonal anti-OXT antibody at 1:5000 (Chemicon International Inc., Billerica, MA, USA). 
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The anti-FosB antibody (sc-48-G) employed in this experiment was raised against the 
N-terminal region of FosB that recognizes both FosB and ∆FosB (38) and did not 
cross-react with other antigens according to the manufacturer’s data sheet. The 
incubation medium also contained 5% donkey serum in PBST for 18 h at 4℃. After being 
washed in 0.01 M PBS, sections were incubated with fluorescein-5-isothiocyanate 
(FITC)-conjugated donkey anti-goat IgG at 1:100 (Chemicon) and Cyamine-3 
(Cy3)-conjugated donkey anti-rabbit IgG at 1:250 (Chemicon) for 2 h at room temperature. 
After washing with PBS, the sections were mounted on poly-L-Lysine-coated glass slides 
using 20% glycerin and observed under a fluorescent microscope (Leica DMR, Wetzlar, 
Germany). 
 
2.9.2 FosB/∆FosB and GR 
The sections were treated with 2% BSA for 2 h at RT after washing with PBS in 
several changes. Then the sections were incubated with rabbit anti-GR antibody at 1:5000 
for 48 h at 4℃. After completion of 30 h, the sections were further incubated with goat 
polyclonal anti-FosB antibody (sc-48-G, Santa Cruz) at 1:1000 for 18 h. Then the sections 
were then washed with PBS and incubated with fluorescein-5-isothiocyanate 
(FITC)-conjugated donkey anti-goat IgG at 1:100 (Chemicon) and Cyamine-3 
(Cy3)-conjugated donkey anti-rabbit IgG at 1:250 (Chemicon) for 2 h at room temperature. 
After washing with PBS, the sections were mounted on poly-L-Lysine-coated glass slides 
using 20% glycerin and observed under a fluorescent microscope (Leica DMR, Wetzlar, 
Germany). 
  
2.10 Cell counting 
After staining, sections were carefully examined under the light microscope and 
photomicrographs were taken by a digital camera (Pixera 600CL, San Jose, CA, USA). The 
FosB/∆FosB-ir was counted in two major neuroendocrine nuclei in the hypothalamus, e.g., 
the PVN and the SON. The counts were made for those with clear nuclear immunoreactive 
signals. Two consecutive sections were taken from the hypothalamic region containing the 
PVN and SON according to the stereotaxic atlas of Paxinos and Watson (39). The 
FosB/∆FosB-positive cells were counted bilaterally within the entire nucleus and the mean 
value of the 2 sections was calculated. An average was made for a group of animals (n = 






The FosB/∆FosB-ir was also counted in the nucleus of the solitary tract (NTS) and in 
the lateral reticular nucleus (LRN) using the same technique. In the core and shell of the 
NAc, FosB/∆FosB-ir cells were counted bilaterally in rectangular regions (18 x 104 µm2) 
which is adjacent to the anterior commissure. For double immunocytochemistry, the 
percentage of cells that co-expressed FosB/∆FosB-ir was calculated among those which 
were immunoreactive for CRH, AVP, OXT or GR. The apparent integrity of the cell body 
and visualization of the nucleus were the prerequisite for the cells to be counted as 
positive. 
 
2.11 Cell culture, transfection, and luc reporter assay 
Rat hypothalamic 4B cells were incubated in Dulbecco’s modified eagle’s medium 
(DMEM) supplemented with 10% fetal bovine serum (FBS), 100 µg/ml streptomycin, and 
100 U/ml penicillin at 37C in a humidified atmosphere of 5% CO2 and 95% air. Cells were 
plated at 104 cells/cm2, with the medium being changed every 48 h. A 1024 bp restriction 
fragment containing the FosB promoter (–954 to +70 relative to the proximal transcription 
start point) was obtained by PCR. The PCR products were then confirmed by their 
sequences. The DNA fragment was used to produce the FosB promoter-driven luciferase 
reporter construct, FosB-luc, by a two-step cloning method. First, the DNA fragment was 
cloned into pGEM-T Easy vector (Promega Corp., Madison, WI), then digested with Kpn I 
and Hind III, and subcloned into Kpn I and Hind III cloning sites of the pA3-Luc plasmid. 
For the luciferase activity assay, cells were placed in 12-well (22 mm diameter) culture 
trays at 60% confluency. The next day, cells were transfected following the manufacturer’s 
instructions using the FuGENE 6 Transfection Reagent Kit (Roche Diagnostics, 
Indianapolis, IN). FuGENE to DNA ratio of 3 µl : 1µg was used. For each well, the total 
amount of DNA was 0.5 µg. The culture medium was then replaced with DMEM 
supplemented with 10% FBS. Three days after transfection, the cells were washed and 
serum-starved overnight in DMEM medium supplemented with 0.2% BSA. On day 4, cells 
were incubated in medium with added vehicle, forskolin (Calbiochem, San Diego, CA), 
with or without dexamethasone (Sigma, St. Louis, MO). The luciferase assay was 
performed according to the manufacturer’s protocol. At the end of each experiment, cells 
were washed twice with PBS without Ca2+ and Mg2+, harvested with PicaGene lysis buffer 
(Toyo Inki, Tokyo, Japan), and centrifuged at 12000 r.p.m. for 2 min. For the luciferase 
assay, 20 µl of each supernatant was used. The reactions were started by the injection of 
100 µl luciferin solution, PicaGene buffer. Light output was measured for 20 s at room 
temperature using a luminometer (Berthold Lumat LB9501, Postfach, Germany). Activity 
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of β-galactosidase was used as an internal control. Cells were treated in triplicate in each 
experiment.  
2.12 Statistical analyses 
All the statistical analyses in the present study were carried out using ANOVA, followed 
by Fisher’s least significant difference post-hoc test (Fisher’s LSD). Data were expressed 






3.1 c-Fos expression in the rat brain following sham-ADX or ADX 
A very small number of c-Fos-ir cells were observed in the paraventricular nucleus 
(PVN) of the naïve rats, the level did not change at any time-point from 24 h through 7 
days following sham-ADX or ADX. In the supraoptic nucleus (SON), c-Fos expression was 
not observed following sham-ADX or ADX (for example, expression of c-Fos in the PVN 
and SON at 24 h following sham-ADX or ADX is shown in Fig. 3). A constitutive c-Fos 
expression was also found in the discrete brain regions e.g. piriform cortex, cingulate 
cortex, and central medial thalamic nucleus.  
  
3.2 FosB/∆FosB expression in the rat brain following sham-ADX or ADX 
3.2a. Overall regional expression of FosB/∆FosB in the rat brain  
In naive animals, the FosB/∆FosB-ir was observed constitutively in discrete brain 
regions including amygdala, cingulate cortex, piriform cortex, periventricular nucleus, bed 
nucleus of the stria terminalis, paraventricular thalamic nucleus, suprachiasmatic 
nucleus, central medial thalamic nucleus, dentate gyrus and the most rostral portion of 
the nucleus of the solitary tract (rNTS). In these regions, the number of FosB/∆FosB-ir 
cells was unaltered following either sham-ADX or ADX. In the nucleus accumbens (NAc) 
and the middle to caudal portions of the nucleus of the solitary tract (NTS), the 
FosB/∆FosB-ir increased markedly following sham-ADX in comparison with that in the 
naïve animals and the intensity was not changed following ADX. The FosB/∆FosB-ir cells 
was also induced in two hypothalamic brain regions [the paraventricular nucleus (PVN) 
and supraoptic nucleus (SON)] following sham-ADX than that in the naïve animals, the 
intensity became much greater following ADX than that in the sham-ADX. 
3.2b. FosB/∆FosB expression in the PVN 
In naive rat, the FosB/∆FosB-ir cells were very scant in the PVN (Fig.4). Twenty-four 
hours following surgical stress (sham-ADX), FosB/∆FosB-ir increased significantly in the 
PVN (p<0.0001, Figs. 4 and 5) in comparison with that in the naïve rats, the 
immunoreactivity peaked by 24 h following sham-ADX and subsided by day 4 (Fig. 4). 
Twenty-four hours following ADX, the number of FosB/∆FosB-ir neurons was much more 
prominent than that in the sham-ADX group (p<0.0001, Figs. 4 and 5). FosB/∆FosB-ir 
peaked by 24 h following ADX, the increment was sustained for at least 4 days, and then  
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decreased gradually to the basal level by day 6 (Fig. 4). It is important to note that the 
FosB/∆FosB-ir was almost confined to the paPVN following sham-ADX or ADX and the 
maPVN was almost devoid of FosB/∆FosB-ir. 
3.2c FosB/∆FosB expression in the SON 
The number of FosB/∆FosB-ir neurons increased clearly in the SON at 24 h following 
sham-ADX in comparison with that in the naïve rats (Fig. 6). FosB/∆FosB-ir peaked by 24 
h following sham-ADX, then gradually declined and subsided by day 4 (Fig. 6). 
Twenty-four hours following ADX, FosB/∆FosB-ir increased markedly than that in the 
sham-ADX rats (Fig. 6). The immunoreactivity peaked by 24 h following ADX, gradually 
declined and then decreased to the basal level by day 4 (Fig. 6). Statistical analysis also 
shows that the FosB/∆FosB-ir significantly increased at 24 h following sham-ADX than 
that in the naïve rats (Fig. 7). FosB/∆FosB-ir increased significantly following ADX in 
comparison with that in the sham-ADX rats (Fig. 7). 
3.2d FosB/∆FosB expression in the NAc and NTS 
Following ADX or sham operation, the number of FosB/∆FosB-ir cells increased in the 
NAc (both the core and shell) significantly in comparison with that in naive animals 
(Table 1). In the NAc, the number of FosB/∆FosB-ir cells reached the peak by 24 h and 
sustained for the whole experimental period (by day 7). There was no significant difference 
in the number of FosB/∆FosB-ir cells between the sham-group and the ADX group at any 
time point from 24 h through 7 days following surgery. In the middle to caudal portions of 
the NTS, the number of FosB/∆FosB-ir cells also increased significantly following either 
sham-operation or ADX (Table 2). In contrast to the long-lasting expression in the NAc, 
the FosB/∆FosB expression was relatively short-lasting in this portion of the NTS and 
subsided by day 4. No significant difference was observed in the number of FosB/∆FosB-ir 







[Table 1] Changes in the number of FosB/∆FosB-ir cells in the NAc. 
 
                            Core       Shell 
Naive (n = 6) 99.3 ± 8.3  78.3 ± 10.3 
    
Sham (n = 6)    
24 h 134.3 ± 3.8†  113.0 ± 8.4† 
2 d 154.3 ± 11.8†  123.0 ± 5.4† 
4 d 160.0 ± 20.0†  115.0 ± 5.0† 
7 d 159.0 ± 31.0†  115.0 ± 0.0† 
    
ADX (n = 6)    
24 h 156.3 ± 12.1†  112.0 ± 2.6† 
2 d 155.6 ± 12.5†  141.0 ± 5.5† 
4 d 169.6 ± 4.1†  108.0 ± 1.6† 
7 d 164.3 ± 8.4†  118.6 ± 2.7† 
 
The number of FosB/∆FosB-ir cells was counted in the core and the shell of the NAc (at 1.6 
mm rostral to the bregma in naive rats, sham-operated rats, or ADX rats at different time 
points following surgery. The sustained increase in the FosB/∆FosB-ir was observed both in 











[Table 2] Changes in the number of FosB/∆FosB-ir cells in the nucleus of the NTS and 
LRN. 
 
  NTS (－12.8) NTS (－13.6) LRN (－13.6) 
naive (n = 4)  1.6 ± 0.2 1.5 ± 0.7 0.0 ± 0.0 
       
sham (n = 4)       
24 h  28.0 ± 1.8†  16.5 ± 2.9†  12.2 ± 3.1† 
2 d  18.2 ± 2.6†  8.1 ± 0.9†  8.0 ± 0.9† 
4 d  1.2 ± 0.2  6.5 ± 3.3  0.0 ± 0.0 
7 d  0.3 ± 0.3  0.6 ± 0.7  0.0 ± 0.0 
       
ADX (n = 4)       
24 h  30.0 ± 4.4†  18.7 ± 5.6†  17.8 ± 2.4† 
2 d  16.6 ± 3.8†  12.8 ± 2.9†  13.2 ± 1.7† 
4 d  4.8 ± 1.5  7.6 ± 2.9  2.7 ± 2.4 
7 d  0.2 ± 0.2  0.9 ± 0.7  0.0 ± 0.0 
 
The number of FosB/∆FosB-ir cells was counted in the nucleus of the solitary tract (NTS) 
and in the lateral reticular nucleus (LRN) in naive, sham-operated, or ADX rats at 
different time points following surgery. The negative figure in the parenthesis is the 
distance measured caudally from the bregma. In the NTS, either at 12.8 mm or at 13.6 
mm caudal to the bregma, and in the LRN at 13.6 mm caudal to the bregma, the 
FosB/∆FosB-ir increased following either sham operation or ADX and the increase 
subsided by day 4 following surgery. The number of FosB/∆FosB-ir cells was not different 
significantly between the sham-operated group and the ADX group at any time point 







3.3 The suppressive effect of glucocorticoids on sham-ADX or ADX-induced FosB/∆FosB 
expression in the PVN and SON 
The sham-ADX or ADX rats were supplemented with either CORT or DEX to 
determine whether the surgical stress or ADX-induced FosB/∆FosB expression is 
suppressed in these neurons. Results showed that in the PVN, either CORT (Fig. 8) or 
DEX (Fig. 9) administration significantly suppressed the surgical stress-induced 
FosB/∆FosB expression at 24 h following surgery compared to the groups with surgical 
stress plus respective vehicle injection (p<0.01). Similarly, either CORT or DEX 
significantly suppressed surgical stress-induced FosB/∆FosB-ir in the SON (p<0.05) (Fig. 
10 and 11, for CORT and DEX respectively). 
The ADX-induced FosB/∆FosB-ir was also significantly suppressed by supplementation 
with either CORT (Fig. 12) or DEX (Fig. 13) in the PVN at 24 h following ADX (p<0.0001, 
both for CORT and DEX). Similarly, in the SON, either CORT or DEX supplementation 
significantly suppressed the ADX-induced FosB/∆FosB expression at 24 h following ADX 
(p<0.01, both for CORT and DEX) (Figs. 14 and 15 for CORT and DEX respectively). 
3.4 The suppressive effect of mineralocorticoid (MC) on ADX-induced FosB/∆FosB 
expression in the PVN and SON 
ADX rats were also supplemented with aldosterone to verify whether MCs removal 
had any effect on the expression of FosB/∆FosB in the PVN and SON, as ADX diminishes 
the secretion of MC’s along with GC’s. Results showed that aldosterone supplementation 
slightly reduced the ADX-induced FosB/∆FosB-ir but not at significant level in either the 
PVN (Fig. 16) (341.6 ± 13.5 and 317.3 ± 20.0 per section, for ADX + vehicle and ADX + 
aldosterone group, respectively, n = 6) or SON (Fig. 17) (74.5 ± 8.6 and 61.3 ± 13.5 per 
section, for ADX + vehicle and ADX + aldosterone group respectively).  
3.5 Co-expression of FosB/∆FosB-ir with either CRH -, AVP -, or OXT -ir in the PVN and 
SON following ADX  
3.5a Co-expression of FosB/∆FosB-ir with either CRH -, AVP -, or OXT -ir in the PVN 
following ADX 
The majority of CRH neuron’s in the paPVN expressed FosB/∆FosB-ir at 24 h 
following ADX (78 ± 2% of the total CRH-positive neuron’s, n = 6) (Fig. 18). There was also 
a minor population of FosB/∆FosB-ir cells devoid of the CRH-ir in the PVN whose  
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property was not determined (22 ± 3% out of the total number of FosB/∆FosB-ir cells, n = 
6). In contrast to the paPVN CRH-producing neurons, very few number of AVP-positive 
(1.9 ± 0.1% of the total AVP-positive neurons, n = 6) (Fig. 19A-C) or oxytocin-positive (1.78 
± 0.16% of the total oxytocin-positive neurons, n = 6) (Fig. 20 A-C) neurons expressed the 
FosB/∆FosB-ir in the maPVN following ADX. 
3.5b Co-expression of FosB/∆FosB-ir with AVP - or OXT-ir in the SON following ADX 
In the SON, approximately 40% of the AVP-positive neurons co-expressed 
FosB/∆FosB-ir at 24 h following ADX (42 ± 1% of total AVP neurons, n = 6) (Fig. 19D-F). 
There were also few FosB/∆FosB-ir cells devoid of the AVP-ir. On the other hand, only a 
small number of OXT-positive neurons (3.3 ± 0.9% of total OXT neurons, n = 6) expressed 
the FosB/∆FosB-ir in the SON at 24 h following ADX (Fig. 20D-F). 
3.6 Plasma corticosterone and aldosterone levels in the control, ADX and supplemented 
animals 
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3.7 Plasma osmolarity and electrolytes (Na+, K+ and Cl−) levels in the naïve, sham-ADX 
and ADX rats. 














Osmolarity   
(mOsm/L) 
 
300.7 ± 4.2 
305.5 ± 0.9 
295.7 ± 5.5 
Sodium    
(mEq/L) 
 
146.5 ± 2.0 
145.5 ± 0.3 




5.2 ± 0.2 
5.4 ± 0.2 
6.4 ± 0.3 
Chloride     
(mEq/L) 
 
102.5 ± 1.3 
102.2 ± 0.8 
104.5 ± 1.9 
3.8 GR-ir in the PVN and SON of naïve and ADX rats 
The expression of GR-ir in the naïve and ADX rats was examined by 
immunocytochemical techniques. In the naïve rats, GR-ir was expressed strongly in the 
PVN and not changed at 24 h following ADX (Fig. 21). It is noted that GR-ir neurons were 
mostly confined in the paPVN, the maPVN had no or little GR-ir neurons (Fig. 21). 
Moderate number of GR-ir neurons was observed in the SON of naïve animals and 
became weaker at 24 h following ADX in comparison with that in the naïve rats (Fig. 21). 
3.9 Colocalization of GR-ir and FosB/∆FosB-ir in the PVN and SON following ADX 
3.9a. Colocalization of GR-ir and FosB/∆FosB-ir in the PVN  
Twenty-four h following ADX, FosB/∆FosB-ir and GR-ir were markedly induced in the 
hypothalamic paPVN neurons (Fig. 22). Colocalization study showed that the majority of 
FosB/∆FosB-ir cells (94.2 ± 1.7%, n = 4) colocalized with GR-ir cells at 24 h following ADX 
(Fig. 23). On the other hand, nearly half of the GR-ir neurons (56.7 ± 2.2%, n = 4) were 
devoid of the colocalization. In the maPVN, either FosB/∆FosB-ir or GR-ir was very little 






3.9b. Colocalization of GR-ir and FosB/∆FosB-ir in the SON 
The FosB/∆FosB-ir was strongly induced in the SON at 24 h following ADX that also 
exhibit a moderate number of GR-ir. Majority (67.8 ± 1.9%, n = 4) of the FosB/∆FosB-ir 
neurons were colocalized with GR-ir neurons at 24 h following ADX (Fig. 24). On the other 
hand, 36.5 ± 2.7% of GR-positive cells were devoid of the colocalization. 
3.10 Effects of stressless removal of corticosteroids in the expression of FosB/∆FosB in the 
PVN and SON 
In the continuously CORT-supplemented group, the plasma CORT level at  
8:00-10:00 h was 4.6 ± 1.8 µg/dL on the 6th day of supplementation (n = 5). At 24 h 
following the stressless removal of CORT (on day 6), in contrast, the plasma CORT level 
was lower than the detection limit of the assay (n = 5). The number of FosB/∆FosB-ir cells 
was very small in the PVN (4.0 ± 1.5 cells per section, n = 5) and SON (0.4 ± 0.2 cells per 
section, n = 5) in the group with continuous supplementation with CORT in drinking 
water (Fig. 25), which was comparable with that in the naive group. Twenty-four h 
following the stressless removal of CORT, the number of FosB/∆FosB-ir cells was not 
significantly different from that in the group with continuous supplementation with 
CORT in either the PVN (5.0 ± 1.7 cells per section, n = 5) or SON (0.4 ± 0.2 cells per 
section, n = 5) (Fig. 25). 
 
3.11 Stimulation by forskolin of FosB promoter activity and its suppression by 
glucocorticoids in vitro 
The effect of forskolin and/or dexamethasone (DEX) on the FosB 5’ promoter activity 
was examined using the hypothalamic cell line 4B. Our in vitro study clearly showed that 
DEX alone (100 nM) had no effect on the basal FosB gene promoter activity. Interestingly, 
the FosB gene promoter activity markedly stimulated when 4B cells were treated with 
stimulator, forskolin (10 µM) in comparison with that in the control (p<0.001 vs. control). 
Moreover, DEX significantly suppressed the Fsk-induced stimulation of FosB promoter 






4.1 c-Fos expression following sham-ADX or ADX 
In the present study, we observed a very small number of c-Fos positive cells in the 
PVN of naïve rats; the level did not change at 24 h following sham-ADX or ADX and 
remain unchanged through 7 days. It has been reported that c-Fos expression peaked by  
3 h and subsided by 24 h following ADX in the PVN (7) suggesting that long-term ADX did 
not alter basal c-Fos expression in unstimulated conditions. However, the present results 
are at variance with an earlier report by Jacobson and colleagues, that the c-Fos 
expression was observed from 24 h through day 7 after ADX (1). Although the reason is 
not clear, this could be due to the different selectivity of the antibody used; the c-Fos 
antibody employed in the present study was highly selective and did not cross-react with 
other members of the Fos protein family (37). c-Fos positive cells was not also observed in 
the SON at 24 h following sham-ADX or ADX, the reason could be due to the short half-life 
of c-Fos protein in the neuronal cell after stimulation. 
4.2 FosB/∆FosB expression in the PVN and SON following sham-ADX or ADX 
Among the brain regions studied we observed a significant FosB/∆FosB expression 
only in the PVN and SON following sham-ADX or ADX than that in the naïve groups. In 
the paPVN, the FosB/∆FosB-ir peaked by 24 h and declined by day 4 following sham-ADX, 
whereas it peaked by 24 h, was sustained for at least 4 days, and declined by day 6 
following ADX. In the SON, the duration of FosB/∆FosB expression was somewhat shorter 
following either sham-ADX or ADX. In any case, however, the time course of FosB/∆FosB 
expression makes a striking contrast to that of c-Fos expression, which has been reported 
to follow a more rapid time course (40-42). The long-lasting expression of FosB/∆FosB-ir in 
the PVN and SON following ADX is in agreement with the reported long half-life of the 
FosB protein, especially that of the ∆FosB (5, 12, 43, 44) and may not be associated with 
progressive increase of ∆FosB mRNA. One study showed that either FosB or ∆FosB mRNA 
peaked by 1 to 3 h following acute or chronic stimulation and returned to the normal level 
by 12 h and there is no evidence that ∆FosB mRNA accumulates in the neurons with 







The c-Fos-ir was not observed at 24 h after sham-ADX or ADX in the present study, 
consistent with the reported rapid time course of c-Fos expression following stress (40-42). 
This observation also guarantees that the antisera against FosB/∆FosB used in this 
experiment do not cross-react with c-Fos protein. Interestingly, the FosB/∆FosB 
expression declined by day 6 in the PVN despite the sustained absence of circulating GC, 
and therefore, it is possible that an additional mechanism may have ‘shut down’ the 
increased FosB/∆FosB expression. Since the ∆FosB is a phosphoprotein, phosphorylation 
may contribute to its stability in the cell. Recently, Ulery et al (38) reported that CK-2 
mediated ser27 (serine27) phosphorylation stabilizes ∆FosB by preventing its proteosomal 
degradation and on the contrary, the S27A point-mutation degraded ∆FosB stability and a 
concomitant decrease in the half-life of the induced protein. Therefore, dephosphorylation 
could be another possible factor for disappearance of FosB/∆FosB protein by day 6. 
 
4.3 Surgical stress-induced or ADX-induced FosB/∆FosB expression in the PVN and SON 
is responded with glucocorticoids supplementation 
 
In the present study, we showed for the first time that the FosB/∆FosB-ir is induced 
by surgical stress (sham-ADX) in two distinctive nuclei of the hypothalamus, i.e., the PVN 
and SON. Furthermore, either CORT or DEX suppressed the surgical stress-induced 
FosB/∆FosB-ir both in the PVN and SON. Following ADX, the FosB/∆FosB-ir became 
much more prominent both in the PVN and SON, and it lasted longer in comparison with 
that in sham-ADX animals. The ADX-induced robust increase in the FosB/∆FosB-ir in the 
PVN and SON was also suppressed either by CORT or DEX. These results suggest that 
the surgical stress-induced FosB/∆FosB expression may be dependent on the levels of GCs.  
 
It was reported previously that DEX may not readily pass through the 
blood-brain-barrier, and a high dose of DEX is required to affect the hypothalamic 
neuroendocrine neurons when administered systemically (46). In the present study, 
FosB/∆FosB expression was suppressed by DEX to an identical degree as by CORT, 
suggesting that the dose of DEX, employed in the present study, was sufficient for its 
making access to the paPVN and SON and suppressing the FosB/∆FosB expression. DEX 
is a highly selective ligand for the GRs and its affinity for the mineralocorticoid receptors 
(MRs) is very low. Therefore, the suppressive effect of DEX is in agreement with another 
observation that Aldo did not suppress the FosB/∆FosB expression after ADX; these 
results suggest together that the suppressive effect of GCs may be mediated by the GRs 
and not by the MRs.  
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4.4 Glucocorticoids removal by ADX potentiates the surgical stress-induced FosB/∆FosB-ir 
in the PVN and SON 
We observed a moderate induction of FosB/∆FosB-ir both in the PVN and SON 
following sham-ADX and in contrast, observed a robust induction following ADX. 
Therefore, it was not clear whether GC’s removal itself was sufficient to up-regulate the 
basal FosB/∆FosB expression both in the PVN and SON or the up-regulation was 
depended upon the stress associated with ADX. The “stressless removal of GC’s” paradigm 
was employed in the present study to specify the effects between GC’s removal and 
surgical stress on FosB/∆FosB-ir. Results showed that no increase in FosB/∆FosB-ir was 
observed in either the PVN or SON following the stressless removal of CORT. Therefore, 
the prominent increase in FosB/∆FosB-ir following ADX was interpreted as indicating that 
GC removal by ADX itself was not sufficient to up-regulate the basal FosB/∆FosB 
expression both in the PVN and SON, rather, the basal expression was initiated by 
surgical stress and surgery-induced FosB/∆FosB expression was potentiated by GC’s 
removal. 
 
4.5 FosB/∆FosB-ir was induced in the paPVN CRH neurons and SON AVP neurons 
following ADX 
 
The FosB/∆FosB-ir was confined in the paPVN following ADX and the majority of the 
CRH neurons in the paPVN expressed FosB/∆FosB-ir, raising the possibility that 
FosB/∆FosB may play a role in regulating the HPA stress axis. The physiological roles of 
FosB/∆FosB in the CRH neurons are not clear, but it is tempting to speculate that the 
CRH gene itself could be one of the targets of FosB/∆FosB in the CRH neurons. The 5’ 
promoter region of the CRH gene contains multiple AP-1 sites (47), and indeed, the 5’ CRH  
gene promoter activity was stimulated by a phorbol ester, 2-O-tetradecanoylphorbol-13- 
acetate, in the human neuroblastoma cell line BE(2)M17 (Itoi K and Seasholtz AF, 
unpublished observation). The AVP expression becomes robust in the paPVN CRH 
neurons following ADX (48-50), so the AVP gene may possibly be another target for the 
FosB in the paPVN CRH neurons. It has also been reported that the AVP gene promoter 
activity is regulated by the AP-1 in the BE(2)M17 cells (51). The FosB/∆FosB-ir was not 
observed in the maPVN, i.e., the AVP and OXT neurons, in either the sham-ADX or ADX 
animals, which is in agreement with the previous reports that these maPVN neurons do 





In the SON, approximately 40% of the AVP neurons expressed FosB/∆FosB-ir 
following ADX, and the increased FosB/∆FosB-ir was suppressed by GC. As for the 
presence of GRs in the magnocellular SON neurons, there are discrepancies among 
previous reports (19, 25, 27, 28), and the reason may largely be due to the different 
property of the antibodies used. The present results provide functional evidence that the 
SON AVP neurons are regulated by GC, corroborating the anatomical data that the AVP 
neurons in the SON express the GRs (19, 28). It is intriguing that the AVP neurons in the 
maPVN behaved in quite a different manner from those in the SON in terms of the 
FosB/∆FosB expression, which is consistent with the different distribution of GRs in the 
PVN and SON (19, 28, 52). Possible regulation of the AVP gene expression by GC was 
postulated by a molecular analysis using cell culture (53, 54). However, it is controversial 
whether the SON AVP gene expression is regulated by GC in vivo: AVP mRNA level was 
reported to be unaltered (49, 55, 56), or increased significantly (57) in the SON following 
ADX. Therefore, further studies are necessary to examine whether the induced 
FosB/∆FosB is involved in the AVP gene expression in the SON AVP neurons in vivo. It 
also remains to be examined whether the suppressive effect of GCs on the FosB/∆FosB 
expression is mediated by the GRs within the SON AVP neurons, or it is mediated 
indirectly via alteration of the neural or humoral signals by GCs that converge on these 
neurons (17). 
 
It has been reported previously that the osmotic drive, induced by water deprivation 
(9) or salt loading (4) was a factor for increasing FosB/∆FosB-ir in the SON. However, it 
may not be a factor for the FosB/∆FosB expression in the SON following ADX in the 
present study since the plasma sodium concentration is prone to decrease but not increase 
during ADX state (58). In fact, osmolarity and plasma sodium concentrations were not 
altered after ADX in the present study, probably owing to the sodium supplementation in 
drinking water. Potassium and chloride concentrations were not altered after ADX also. 
The relatively short duration of FosB/∆FosB-ir in the SON, observed following ADX, was 
quite different from its time course profile during salt loading, also suggestive of the 
different mechanism for FosB/∆FosB expression between the osmotic challenge and GC 
deficiency. Thus, it clears that the induction of FosB/∆FosB-ir in the SON was 







4.6 Colocalization of FosB/∆FosB-ir with GR-ir in the PVN and SON following ADX 
 
    Following bilateral ADX, the FosB/∆FosB-ir was strongly induced in the paPVN CRH 
neurons and very few were observed in the maPVN. On the other hand, very strong and 
constitutive expression of GR was also observed in the paPVN neurons and very few in the 
maPVN neurons. It has been reported that the CRH neurons in the paPVN express the 
highest level of GR (19-21). In the present study, the majority of FosB/∆FosB-ir cells 
expressed GR-ir in the paPVN whereas about half of the GR-ir cells were devoid of the 
FosB/∆FosB-ir. GR-positive neurons in the paPVN has been shown to contain several 
neuroactive compounds such as; thyrotropin releasing hormone, neurotensin, enkephalin, 
cholecystokinin, galanine, somatostatin, vasoactive intestinal polypeptide, peptide 
histidine isoleucine or tyrosine hydroxylase (59). So these are the candidates of the 
subpopulations of GR-ir neurons which did not express FosB/∆Fos-ir upon the surgical 
stress and/or ADX. Moreover, it is known that AP-1 (c-Fos/c-Jun) transcription factor and 
GR can interact with each other (30) but it is not known yet whether FosB-containing 
AP-1 complexes (FosB/c-Jun or FosB/JunD) and GR can interact with each other.  
 
In the SON, GR-positive cells were moderately expressed in the naïve rats and the 
intensity became weaker at 24 h following ADX. Relatively weak distribution of GR at 24 
h following ADX suggests that GC-bound GR upregulates the GR expression, and on the 
contrary, glucocorticoids removal downregulates the GR expression. One study (60) 
reported that the GR-ir was greatly reduced or disappeared in overall brain structures at 1 
week after ADX whereas the PVN still kept strong GR-ir. This suggests that the 
characteristics of supraoptic GR and those of GR in the PVN neurons might be different. 
The reason is not clear but this could be due to the post-translational modifications of the 
GR in different brain regions (60). The loss of GR-ir neurons induced by ADX could be 












4.7 Surgical-stress induces FosB/∆FosB-ir in the NAc and in the NTS 
 
 The FosB/∆FosB-ir was expressed in the NAc at appreciable levels under basal 
condition, the intensity significantly induced following surgical stress and did not alter even 
after ADX, suggesting that the FosB/∆FosB expression in the NAc may be stimulated by the 
surgical stress but not by the withdrawal of glucocorticoid. Numerous studies have 
demonstrated that FosB/∆FosB is induced in a region-specific manner in the brain in 
response to a diverse types of acute or chronic stimuli e.g. restraint stress (5), immune stress 
(11), unpredictable stress (32) electroconvulsive seizure (33) etc. These stressors 
predominantly induced FosB/∆FosB-ir in the NAc and NAc is the brain region which plays a 
critical role in the rewarding effects of drugs of abuse (44, 61). The expression of the 
FosB/∆FosB in the NAc was long-lasting and remained unchanged until day 7 following 
surgery. The present result is consistent with the previously reported effects of various 
stressors on the FosB/∆FosB expression (5, 11, 32, 33). However, the mechanism for the 
stress-induced FosB/∆FosB expression in the NAc may be different from that in the 
hypothalamic neuroendocrine neurons, which was induced by the GC withdrawal, because 
the FosB/∆FosB expression declined within a week in the latter. We found in the present 
study that there are also other neuronal populations in the medulla, i.e., the middle portion 
of the NTS and the LRN, in which the number of the FosB/∆FosB-ir cells increased 
significantly in the ADX and sham-operated groups; the FosB/∆FosB-ir was 
indistinguishable between the two groups, so the increase in the FosB/∆FosB-ir in these 
regions may have resulted from the surgical stress which was not modulated by GCs. 
Moreover, various stressors (11, 16) potently induced c-Fos and/or FosB-ir in the 
NTS-neurons suggesting that the catecholamine neurons in the NTS are affected by stress 
(11, 16). In comparison with the NAc, the increase in the FosB/∆FosB-ir was relatively 
short-lasting in these medullary regions.  
4.8 Suppression by dexamethasone of forskolin-induced stimulation of FosB 5’ promoter 
activity in 4B cells. 
According to the reporter assay using the 4B cells, GC suppressed the 
forskolin-induced activation of the FosB gene promoter in the present study. The 4B cells 
are the homologous hypothalamic cells, which express CRH, AVP, CRH receptor type 1 
and GR, thus representing the characteristics of the paPVN CRH neurons (62). Therefore, 
the present data obtained in vitro raises the possibility that the suppressive effect of GC 
on the FosB/∆FosB expression in the hypothalamus may, at least partly, be due to its 
inhibitory effect on the FosB gene transcription.
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